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The nonprotein amino acids g-aminobutyric acid (GABA) and
b-aminobutyric acid (BABA) have known biological effects in ani-
mals and plants. Their mode of action has been the object of
thorough research in animals but remains unclear in plants. Our
objective was to study the mode of action of BABA in the protec-
tion of Arabidopis plants against virulent pathogens. BABA pro-
tected Arabidopsis against the oomycete pathogen Peronospora
parasitica through activation of natural defense mechanisms of the
plant such as callose deposition, the hypersensitive response, and
the formation of trailing necroses. BABA was still fully protective
against P. parasitica in transgenic plants or mutants impaired in the
salicylic acid, jasmonic acid, and ethylene signaling pathways.
Treatment with BABA did not induce the accumulation of mRNA of
the systemic acquired resistance (SAR)-associated PR-1 and the
ethylene- and jasmonic acid-dependent PDF1.2 genes. However,
BABA potentiated the accumulation of PR-1 mRNA after attack by
virulent pathogenic bacteria. As a result, BABA-treated Arabidopsis
plants were less diseased compared with the untreated control. In
the case of bacteria, BABA protected mutants insensitive to jas-
monic acid and ethylene but was not active in plants impaired in
the SAR transduction pathway. Thus, BABA protects Arabidopsis
against different virulent pathogens by potentiating pathogen-
specific plant resistance mechanisms. In addition, we provide
evidence that BABA-mediated papilla formation after P. parasitica
infection is independent of the SAR signaling pathway.
P lants have evolved numerous, complex defense mechanismsto survive attacks by fungal and microbial pathogens. Plant
resistance responses are genetically determined (1), and, in the
case of gene-for-gene resistance, they are manifested through
the development of a hypersensitive response (HR) (2). The
cloning of resistance genes from several plant species has given
exciting clues to a better understanding of race-specific resis-
tance (3). In addition to the gene-for-gene resistance, plants have
developed inducible defense mechanisms. In this publication, we
show that the nonprotein amino acid b-aminobutyric acid
(BABA) can induce disease resistance in Arabidopsis indepen-
dently of known resistance markers. Typically, after attack by a
necrotizing pathogen, the plant reacts by developing a long-
lasting defense response (SAR) against a broad spectrum of
pathogens. SAR is characterized by an early increase in newly
synthesized salicylic acid (SA) (4) followed by the activation of
genes encoding PR proteins (5). Application of SA and func-
tional analogs of SA, such as 2,6-dichloroisonicotinic acid and
benzothiadiazole, correlates with the induction of both PR gene
expression and resistance (5, 6). One possible mode of action of
SA in pathogen defense is to condition defense reactions leading
to a faster response of the plant after pathogen attack (7).
Arabidopsis mutants impaired in SAR have helped to understand
the signal transduction pathway leading to resistance. Npr1
mutants do not accumulate PR-1 mRNA in response to SA or its
functional analogs and are highly susceptible to infection by
virulent pathogens (8). Arabidopsis overexpressing a salicylate
hydroxylase gene (NahG) have low levels of SA and are unable
to undergo SAR (9). Besides SA, the plant hormones jasmonic
acid (JA) and ethylene have been shown to be involved in a
separate signal transduction pathway providing resistance
against distinct pathogens (10–13). The JA- and ethylene-
dependent signaling events could be analyzed with mutants such
as jar1 and etr1, which exhibit reduced sensitivity to MeJA and
altered perception of ethylene, respectively (14, 15), and have
been shown to be more susceptible to certain soil-borne patho-
gens (16, 17).
Nonprotein amino acids such as GABA and BABA have
known biological effects in animals and plants. In animals,
GABA and glycine are major inhibitory neurotransmitters (18),
whereas BABA is a partial agonist of the glycine receptor (19).
In plants, GABA is produced as a response to stress (20), and
treatments with BABA were shown to provide protection against
various pathogens (21–23). However, little is known concerning
the mode of action of BABA; some studies report an induction
of PR after BABA treatment (24), whereas others state the
contrary (25). Thus, the mode of action of BABA remains a
matter of controversy. In the present article, we analyze the
effect and the mode of action of BABA in Arabidopsis. We show
that BABA mediates the conditioning of induced plant defense
mechanisms leading to a phenocopy of genetic resistance after
infection with a normally virulent pathogen.
Materials and Methods
Biological Material. The transgenic Arabidopsis thaliana line har-
boring the NahG gene (9) was obtained from J. Ryals (Novartis,
Research Triangle Park, NC). The Columbia (Col-0) ecotype
mutants npr1, jar1, and etr1 were provided by X. Dong (Duke
University, Durham, NC), P. E. Staswick (University of Ne-
braska, Lincoln, NE), and the Nottingham Arabidopsis Stock
Center, respectively. Arabidopsis accessions Columbia (Col-0)
and Wassilewskija (WS) were obtained from Lehle Seeds
(Round Rock, TX). Plants were grown in a steam-sterilized soil
mix of commercial potting soilyperlite (3:1) at 22°C day, 18°C
night temperature with 12 h light per 24 h. Conservation
procedures of Peronospora parasitica have been described pre-
viously (26). Strain DC 3000 of Pseudomonas syringae pv tomato
(Pst DC 3000) and the isogenic strain carrying the avirulence
gene avrRpt2 (27) were cultivated at 28°C, 220 rpm in King’s
medium B (28) containing rifampicin for selection.
Plant Inoculation and Treatment. P. parasitica was inoculated by
spraying until shortly before droplet run-off occurred with a
suspension of 105 conidia/ml of water. Plants inoculated with P.
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parasitica were kept at 20°C in a 12y12-h lightydark cycle.
One-hundred percent relative humidity was necessary during the
first and last day of the growth cycle to ensure infection and
sporulation.
For bacterial inoculation, cells were collected by centrifuga-
tion, resuspended in 10 mM MgCl2 at A600 5 0.2, corresponding
to a concentration of 108 cfu/ml. Bacteria were then diluted to
105 cfu/ml in 10 mM MgCl2. Titers were determined as follows.
Three leaves per plant were infiltrated using a 1-ml syringe
without a needle. Each time point represents 24 leaf discs (0.5 cm
diameter) from eight different plants. One disk from each plant
was pooled, resulting in three groups containing eight leaf discs
each. Leaf discs were washed twice with sterile water and
homogenized in 10 mM MgCl2. Quantification was done by
plating appropriate dilutions on King’s B agar containing rifam-
picin (50 mg/liter). Tissue samples were harvested from inocu-
lated leaves at 0, 1, 2, and 3 days after infiltration.
For P. parasitica infections, pots containing about 30 2- to
3-week-old Arabidopsis plants were soil drenched with indicated
chemicals dissolved in water. Five-week-old Arabidopsis plants
treated with 16 mg/liter BABA were used for bacterial infiltra-
tions. Treatments were performed 1 day before inoculation with
the pathogen, when not otherwise indicated. Only soil-drench
treatments were used to avoid formation of necroses observed
after spraying because such necroses induce the SAR pathway
and mask the primary effect of BABA.
In Vitro Assay. In vitro assays for antimicrobial BABA activity
against pathogenic fungi were evaluated as radial growth of
mycelia discs placed onto the middle of agar plates. Growth was
determined after several days on potato dextrose agar (PDA;
Difco) medium containing BABA at a final concentration of
1000 mg/liter. For bacterial assays, Pst DC 3000 and P. syringae
pv maculicola were cultivated in the minimal medium M9 (29).
At A600 5 0.4, the culture was divided into two volumes, one
containing a final concentration of 1000 mg/liter BABA and the
other not. Bacterial growth was determined every hour up to the
stationary phase. Each experiment was performed with six
replicates.
In Vivo Assay. To analyze the germination rate of the obligate
biotroph P. parasitica, leaves from untreated control and 16
mg/liter BABA soil-drenched Col-0 plants were harvested 60 h
after inoculation with P. parasitica isolate NOCO. Plant tissue
was destained overnight in ethanol 95% and stained with aniline
blue (30). The germination rate was evaluated by determining
the number of germinated conidia on 10 leaves per treatment.
Experiments were repeated twice with similar results. Observa-
tions were performed with a fluorescence microscope with UV
filter (BP 340–380 nm, LP 425 nm).
BABA Metabolism Analysis. Arabidopsis seeds were sterilized and
subsequently grown for 6 weeks on half-strength MS (1⁄2 MS)
medium (31). Plantlets were then transferred to sterile contain-
ers with 35 ml of liquid 1⁄2 MS medium and 1 mCi of 14C-BABA
(1.03 Ci/mol; Novartis, Basel, Switzerland) or 1 mCi 14C-GABA
(15.5 Ci/mol, Novartis, Basel, Switzerland), respectively. Plastic
support racks were used to avoid direct contact of the leaves with
the radioactive solution. After 2 days of incubation, protoplasts
were prepared (32) to determine the presence of radioactivity
inside the cells. After harvesting, the protoplasts were subjected
to a viability test with fluorescein diacetate (33) and counted to
make sure that at least 80% of the protoplasts were viable. A
further purification step, consisting of centrifuging (30 s,
15,800 3 g in a microfuge) the protoplasts through a hydrophobic
layer [381 ml of di-butyl phthalate, 119 ml of phthalic acid
bis(2-ethyl-hexylester)], was introduced. Protoplasts were then
ground directly in the microtubes, the debris spun down, and the
supernatant (cell contents) applied to TLC plates. The pellet was
washed four times with MCW (MeOHyCHCl3ywater, 12:5:3,
volyvol) to yield the membrane fraction. The cell wall fraction
was obtained by spinning down the remains after protoplasts had
been released and washing them four times in MCW. TLC plates
were run in a solution of 1-butanolyacetic acidywater (60:20:20,
volyvol). Amino acids were visualized by spraying with 0.2%
ninhydrin in ethanol before heating for 5 min at 140°C. The
radioactive amino acids were detected by autoradiography using
a Kodak Xomat film.
RNA Gel Blot Analysis. RNA was extracted from frozen pulverized
plant material in a buffer containing 2 M Tris-HCl, pH 8.0y0.5
M EDTA, pH 8.0y20% SDS in a ratio of 1:2:1 (volyvol) (34) with
an equal volume of buffer-saturated phenolychloroformy
isoamyl alcohol (25:24:1, volyvol). After centrifugation to sep-
arate the phases, the RNA from the aqueous phase was precip-
itated with 1 volume of 6 M LiCl overnight at 4°C. The pellet was
then washed with 70% ethanol and resuspended in H2O. Five
micrograms of total RNA were separated on a formaldehyde–
agarose gel and transferred to a Nylon membrane (Hybond-N,
Amersham Pharmacia). The membrane was probed with 32P-
labeled cDNA (RadPrime DNA Labeling System, Life Tech-
nologies, Paisley, Scotland) encoding pathogenesis-related pro-
teins PR-1 (35) and PDF1.2 (11).
Results
Protection Against P. parasitica. To test whether the observed
protective effect of BABA on crop plants (36) can be extended
to Arabidopsis, the plants were treated with BABA or its isomers,
a-aminobutyric acid and GABA, 1 day before inoculation with
the oomycete P. parasitica, isolate NOCO. This isolate is virulent
on A. thaliana accession Col-0 with conidiophores emerging
from the leaf 7 days after inoculation (37). Arabidopsis displayed
a remarkable selectivity toward aminobutyric acid isomers; only
BABA protected against P. parasitica (Table 1). The protection
became first apparent at a concentration as low as 8 mg/liter
applied in the soil 1 day before inoculation (Table 1). Similar
levels of protection were obtained with the virulent isolate
EMWA on Arabidopsis accession Wassilewskija (data not
shown).
BABA Does Not Act as an Antimicrobial Compound. The protection
attributable to BABA could be the result of a direct antibiotic
activity. In vitro tests on various fungi and bacteria showed that
this is not the case, even at 1000 mg/liter, a concentration more
than 50 times higher than the one used for treating plants (data
Table 1. Sporulation of P. parasitica isolate NOCO on Arabidopsis
thaliana (Col-0) treated with isomers of aminobutyric acid
Treatment
Concentration
(mgyliter)
Sporulation intensity*
6 dbi‡ 1 dbi‡ 6 dpi§
BABA 0 1111 1111 1111
BABA 8 1 2 111
BABA 16 2 2 111
BABA 32 ND 2 ND
AABA 32 ND 1111 ND
GABA 32 ND 111 ND
*Sporulation was scored 7 days after inoculation. 2, no sporulation; 1 to
1111, increasing degrees of sporulation. Experiments were repeated four
times with similar results. ND, not determined.
†Plants were soil-drenched with chemicals before or after inoculation as
indicated.
‡Days before inoculation.
§Days postinoculation.
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not shown). The antifungal activity of BABA against the obligate
biotroph P. parasitica was also analyzed in an in vivo assay by
determining the germination rate of conidia on leaf surfaces of
treated Arabidopsis plants. No difference was observed on
BABA-treated plants compared with controls (data not shown).
In addition, P. parasitica spores were directly incubated in 12
mg/liter BABA and sprayed in this solution on susceptible
Arabidopsis plants. Seven days later, sporulation on these plants
was similar to control plants sprayed with spores suspended in
water only (data not shown). In addition, BABA protected
Arabidopsis only when applied before inoculation (Table 1),
demonstrating that this chemical has no curative effect once P.
parasitica is established in the leaf. Moreover, a study of the
metabolism of BABA with labeled molecules showed that
BABA is not metabolized, whereas GABA rapidly breaks down.
Most of the BABA label was found in the soluble fraction (cell
content), and only very little was detected in the cell wall fraction
on autoradiograms (data not shown). Therefore, it is very
unlikely that protection attributable to BABA is based on a
direct antibiotic activity of BABA or its metabolites. Such
protection results very likely from an activation of disease
resistance mechanisms in the host plant.
Host Defense Reactions After Infection of BABA-Treated Arabidopsis.
To understand the nature of resistance induced by BABA,
cytological observations were performed at infection sites of a
virulent P. parasitica isolate in Arabidopsis leaves (Fig. 1A, I). At
concentrations of 12 mg/liter or higher, hyphal penetration in the
host was completely suppressed. Callose deposits, termed pa-
pillae (38), were observed at the site of attempted penetration
(Fig. 1 A, II). At lower concentrations, cells underwent a phe-
nocopy HR at the site of attack (Fig. 1 A, III), and, in some cases,
hyphae were able to grow between cells into the leaf tissue. In
this situation, the plant often reacted by developing trailing
necroses along the growing hyphae (Fig. 1 A, IV). These obser-
vations all indicate that BABA stimulates the natural defense of
the plant by converting phenotypically a compatible into an
incompatible host–pathogen interaction.
Analysis of the Mode of Action of BABA. The mode of action of
BABA against P. parasitica on Arabidopsis was investigated using
transgenic plants or mutants impaired in the signal transduction
pathways activated by pathogen infection. We first analyzed
whether BABA acts through the SAR transduction pathway.
NahG-expressing Arabidopsis plants and npr1 mutants were
treated with 12 mg/liter BABA 1 day before inoculation with a
virulent isolate of P. parasitica. These plants, like wild-type
Col-0, were fully resistant, showing no fungal colonization in the
leaf up to 7 days after inoculation. By comparison, the water
controls showed an extensive ramification of hyphae in the leaf
(Fig. 1B), as well as development of conidiophores and oospores
(data not shown). The contribution of JA and ethylene to
BABA-induced resistance was analyzed with jar1 and etr1 mu-
tants, respectively. Like the lines deficient in the SAR signaling
pathway, these two mutants were completely resistant to P.
parasitica infection (Fig. 1B). Thus, despite phenotypical simi-
larities with SAR, BABA-induced resistance against P. parasitica
in Arabidopsis is neither dependent on SA accumulation nor on
accumulation of PR genes; in addition, it is independent of JA
and ethylene perception. Consistent with these observations and
in contrast to treatments with the SAR activator benzothiadia-
zole (39), no PR-1 transcript accumulation after BABA treat-
ment was observed (Fig. 2A). Furthermore, mRNAs for the
plant antifungal proteins defensin and thionin, respectively
responsive to both JA and ethylene or JA alone (11, 40), were not
induced after BABA treatment (data not shown).
Conditioning Effect. The BABA-induced conversion of a compat-
ible to a phenocopy of an incompatible interaction observed
after P. parasitica infection was further explored by analyzing the
expression of PR genes after pathogen infection. To induce a
strong localized reaction of the plant tissue, we used the virulent
bacterium Pst DC 3000 to inoculate plants, and the time-course
of the expression of PR-1 mRNA was monitored. BABA treat-
ment conditioned the plant to produce PR-1 mRNA more
rapidly. Typically, PR-1 mRNA expression in plants inoculated
with Pst DC 3000 was induced 12 h earlier in BABA-treated
plants compared with the untreated control. Indeed, the plant
reacted as fast as after an infection with avirulent bacteria (Pst
DC 3000 avrRpt2) (Fig. 2B). Thus, as observed in the interaction
with P. parasitica, BABA treatment mimicked some aspects
of genetic resistance through conditioning of plant defense
responses.
Protection Against Bacteria. To verify whether this conditioning is
effective to protect Arabidopsis against pathogenic bacteria, we
Fig. 1. BABA-induced resistance in Arabidopsis against P. parasitica. (A)
Microscopic aspects of the protective effect of BABA. (I) Growing hyphae in
untreated control plant. (Bar 5 50 mm.) (II) Callose (yellow) deposition (p,
papilla) below the appressoria (ap) at the end of the germ tube (gt) on leaf
treated with 12 mg/liter BABA. c, conidium. (Bar 5 20 mm.) (III) Phenocopy–HR
reaction in plants treated with 8 mg/liter BABA. Callose deposition (arrow-
heads) around the appressoria and cells undergoing necrosis appear in yellow.
(Bar 5 20 mm.) (IV) Trailing necrosis (arrowheads) along a growing hypha (h)
in a plant treated with 4 mg/liter BABA. (Bar 5 50 mm.) Plants were treated
with BABA 1 day before inoculation and stained 3 days later with aniline blue
for callose observation (Wasserblau Standard Fluka) (30) and Calcofluor White
M2 R. S. New (Cyanamid) (44) (II and III) or with lactophenol-trypan blue (I and
IV) (45) for fungal structure coloration. Picture IV was taken 6 days after
inoculation. (B) Effect of BABA in Arabidopsis lines altered in their response to
P. parasitica. Wild-type (Col-0) control, NahG, npr1, jar1, and etr1 plants were
treated with water or 12 mg/liter BABA and inoculated with the virulent P.
parasitica isolate NOCO. Pictures show leaves stained with lactophenol-trypan
blue (45) 7 days after inoculation. Fungal structures and damaged cells are
stained in blue. Genotypes and treatments are indicated in the middle and top
of the figure, respectively. A representative example for each genotype is
shown.
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infected Col-0 plants with the virulent bacterium Pst DC 3000.
As shown in Fig. 3A, BABA treatment resulted in a 10-fold
reduction of the bacterial titer and strongly decreased symptoms.
Arabidopsis plants pretreated with BABA did not exhibit the
typical chlorotic leaf spotting associated with Pst DC 3000
infection (Fig. 3B). Thus, the conditioning effect observed after
BABA treatment could be linked to resistance. To further
analyze the mode of action of BABA on Arabidopsis against Pst
DC 3000, NahG-expressing Arabidopsis plants and npr1 mutants
were treated with 16 mg/liter BABA 1 day before inoculation
with Pst DC 3000. These plants were not protected, but mutants
deficient in the JA or ethylene signaling pathways were protected
at a similar level as the wild-type Col-0 (Fig. 3). Consequently,
BABA protects Arabidopsis not only against an oomycete but
also against a pathogenic bacterium. Moreover, in the case of
bacterial infection, the plant protection required PR gene acti-
vation or a functional SA signal transduction pathway.
Discussion
Nonprotein amino acids are secondary plant metabolites exhib-
iting diverse properties. GABA accumulation is observed in
stressed plants (20), and BABA treatment protects different
plant species against various pathogens (21–23). Because the
mode of action of BABA is still largely unknown in plants (41),
we have analyzed the protective effect of this chemical in
Arabidopsis. Our data indicate that, among the isomers tested,
only BABA protects Arabidopsis against a virulent isolate of the
oomycete pathogen P. parasitica. It therefore shows, as in other
plant species (21–23), a high degree of specificity among ami-
nobutyric acid isomers. Soil-drench treatment at a concentration
as low as 8 mg/liter given 1 day before inoculation was sufficient
to protect the plants. These results are consistent with protection
observed in other plants (21, 22, 25). We have also shown that
BABA is protecting Arabidopsis against pathogenic bacteria at a
level similar to protection attributable to chemically induced
resistance (35, 39). Hence, BABA protects different plant
species against different fungi (21), a bacterium, a nematode
(22), and a virus (23), demonstrating the broad range of activity
of this chemical. Importantly, in vitro and in vivo experiments
with diverse fungi and bacteria or P. parasitica show that BABA
has no direct toxic effect. Furthermore, BABA is not metabo-
lized in Arabidopsis, ruling out the involvement of a BABA
metabolite acting as an antimicrobial compound in the plant.
BABA does not show any curative effect, as it protects Arabi-
dopsis against P. parasitica only when applied before inoculation.
Taken together, BABA-mediated resistance is most likely based
on the activation of host resistance mechanisms.
Microscopic analysis of the interaction between P. parasitica
and BABA-treated Arabidopsis suggests that active defense
mechanisms are involved in BABA-mediated resistance. Arabi-
Fig. 2. Time course of the expression of PR-1 mRNA in Arabidopsis. (A) Effect
of chemical treatments. Total RNA was extracted at various times after being
soil drenched with water, 16 mg/liter BABA, or 300 mM benzothiadiazole. hpt,
hours posttreatment. (B) Conditioning effect of BABA. Plants were soil
drenched with water or 16 mg/liter BABA 1 day before infiltration with
bacteria (time 0). Each time point represents nine infected leaves harvested
from three different plants. Total RNA was prepared and analyzed by RNA gel
blot analysis. Ethidium bromide staining of the RNA gel (rRNA) was used to
show equal loading. hpi, hours postinoculation.
Fig. 3. Protection effect of BABA in Arabidopsis infected with Pst DC 3000.
(A) Bacterial growth. Wild-type Col-0, NahG, npr1, jar1, and etr1 leaves were
analyzed for bacterial density at different time points after infiltration. Data
represent the mean 6 SE of three pools stemming from eight replicate
samples. Experiments were repeated four times with similar results. (B) Symp-
toms. Pictures show disease symptoms 3 days after infiltration in wild-type
Col-0, NahG, npr1, jar1, and etr1 plants. Treatments are indicated at the top
of the figure. Representative examples are shown.
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dopsis plants treated with BABA show typical responses ob-
served in the course of induced resistance (35). Treatment with
a high concentration of BABA leads to callose deposition
termed papillae at almost all attempted penetration sites. At a
lower concentration, a spectrum of responses from phenocopy
HR to trailing necroses was observed, demonstrating a modu-
lation of the plant response depending on the endogenous
concentration of BABA. Importantly, BABA induced callose
deposition only after attempted penetration of the epidermis by
P. parasitica; spontaneous deposition without prior inoculation
was never observed. Thus, BABA may induce resistance by
accelerating the normal responses of the plant to infection,
leading to a higher level of resistance. The same phenomenon
was observed after infection with a virulent bacterium. In this
case, soil-drench treatments with BABA did not induce PR-1
mRNA accumulation but conditioned the plant to induce this
defense gene more rapidly after infection. Indeed, the plants
reacted as fast as after infection with avirulent bacteria. There-
fore, BABA enhances defense mechanisms triggered upon sens-
ing of the pathogen by the plant, as no changes are detected in
BABA-treated plants before infection. This phenomenon is
known as potentiation or conditioning (41–43).
The observation that BABA induces resistance against P.
parasitica in transgenic NahG plants suggests that BABA could
activate the SAR pathway downstream of SA accumulation.
However, the protection of npr1 mutants and the fact that BABA
does not induce accumulation of PR-1 mRNA make this hy-
pothesis unlikely. The plant hormones JA and ethylene have
been implicated in a separate defense transduction pathway (10).
Since BABA-induced resistance against P. parasitica is not
dependent on sensitivity to JA and ethylene, this rules out the
involvement of the resistance mechanisms mediated by these
signaling molecules. Furthermore, the phytoalexin camalexin is
also not a key factor of the BABA-induced resistance against P.
parasitica, as camalexin-deficient mutants were fully protected
(data not shown). Papillae are formed extensively after P.
parasitica infection in BABA-treated Arabidopsis, a phenome-
non rarely observed in nontreated controls. Therefore, this
structural barrier could be sufficient to completely block P.
parasitica penetration. After BABA treatment, even in the
absence of PR protein accumulation, production of massive
papillae is detected. Thus, the observed BABA-mediated con-
ditioning leading to an earlier and stronger papilla formation
may explain resistance against a normally virulent P. parasitica
even in mutants impaired in the SAR transduction pathway. It
demonstrates the value of papillae as an early defensive barrier
sufficient to block P. parasitica penetration, making downstream
defense mechanisms, such as PR proteins or camalexin, no
longer necessary. This also suggests that BABA acts at a very
early step in plant-pathogen interactions, probably at the rec-
ognition level. Interestingly, protection against bacteria is de-
pendent of the SAR transduction pathway, as BABA potentiates
PR-1 mRNA accumulation, and both transgenic NahG plants
and npr1 mutants were not protected. These results are in
agreement with data obtained in tobacco where BABA protects
against the tobacco mosaic virus through an SA-dependent
signal transduction pathway (23). Hence, different mechanisms
of protection are effective against distinct pathogens, and BABA
can stimulate the plant to deploy such pathogen-specific reac-
tions much faster.
All of these observations highlight a new aspect of the
biological action of the nonprotein amino acid BABA. Clearly,
BABA enhances resistance through potentiation of pathogen–
specific plant-defense responses, leading to a restriction of
pathogen growth and spread. Furthermore, the observed early
papilla formation obviously acts independently of known signal-
ing cascades. These experiments add to our understanding of the
importance of induced defense responses in plants. The site of
action of BABA represents an attractive target for the devel-
opment of novel crop protectants, which capitalize on the natural
potential of plants to ward off pathogens.
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